Abstract: A maintenance problem can be regarded as an optimization task, where the solution is a trade-off between the costs associated 6 with inspection and repair activities and the benefits related to the faultless operation of the infrastructure. The optimization aims at 7 minimizing the total cost while tuning some parameters, such as the number, time, and quality of inspections. Due to the unavoidable un-8 certainties, the expected cost of maintenance and failure can only be estimated by assessing the reliability of the system. The problem is, an example involving a fatigue-prone weld in a bridge girder.
). Moreover, the realistic quantification of costs as-27 sociated with inspections, repair and failure (i.e., loss of service-28 ability), requires the explicit consideration of the unavoidable 29 uncertainties arising from the damage-propagation process and 30 from the inspection and repair activities. Reliability-based optimi-31 zation methods and techniques, as described, e.g., in Jensen (2002), 32 are invoked to solve the problem.
33
Due to the explicit consideration of uncertainties, the design of 34 maintenance activities is an optimization task that requires the as- reliability-based optimization problems, see, e.g., Patelli et al. 39 (2011) and Valdebenito and Schuëller (2010a) . The assessment 40 of reliability both in the objective and in the constraint functions 41 and the consideration of multiple inspections make this a stochastic 42 discrete optimization problem, which is among the most compli-43 cated in the field of optimization (Wright and Nocedal 1999) . 44 This paper proposes a general methodology for the efficient 45 solution of the time-variant reliability-based maintenance optimi-46 zation problem, which is applicable to any case in which the 47 damage propagation law is known as the input-output relationship.
48
The methodology is derived from the concept of forced Monte 49 Carlo (MC) simulation used to evaluate the availability of plants 50 (Zio and Marseguerra 2002) , and it is exploited to efficiently assess • Only one full reliability analysis is required to estimate the fail-60 ure probability until the mission time (or time of interest). In 61 practice, the samples are generated and evaluated on the full 62 model only once to estimate the failure probability at any in-63 spection time. This turns out to be very useful because during 64 the maintenance optimization process the reliability has to be 65 assessed many times to find the optimal inspection time to per-66 form inspections.
67
• The proposed methodology can be easily parallelized, allow-68 ing the efficient evaluation of the cost function.
69
The methodology can be easily extended to also include episte-70 mic uncertainties without adding substantial computational load. The total cost, therefore, is variant failure probability, p F ðtÞ, can be calculated as ability of the system is conditional on the inspection outcomes.
173
In fact, after an inspection the system or component can be regen-174 erated as repair activities may take place. Therefore, the inspection 175 outcomes and eventual repair need to be taken into account by com-176 puting the conditional reliability.
177
The optimal inspection time is naturally between the following 178 two limiting cases. If inspections are performed too early, t insp ≪
179
T M , nearly no damage will be found, and hence no repair will take 180 place. As a consequence the reliability will only be improved mar- 
188
In general, i.e., when N inspections are considered, the reliability is 189
given by the conditional probability 190 Here, the focus is on assessing the reliability at a fixed time • It is assumed that any inspection is followed by only two out- The failure event is represented as a combination of mutually 228 exclusive events 
In Eq. (16), it is assumed that any event where the subscript is 233 ≤0 is the empty set ∅. So, for example, the event R k obtained for 234 k ¼ 0 is the empty set R 0 ≡ ∅.
235
The consideration of mutually exclusive events, as shown 236 in Eq. (16), leads to the general expression of the total failure 237 probability The present numerical strategy is derived from the concept of 261 forced MC simulation described in Zio and Marseguerra (2002) .
262
The strategy is based on the computation of weights, w, which ac- The total time-variant failure probability is computed by means 275 of MC as The total time-variant failure probability estimator is computed 282 by averaging over a large number of samples, N S , aŝ The estimator is computed, again, by averaging over a large, 293 albeit finite, number of samples, N S , aŝ Fig. 2 . Pseudocode for the failure probability estimator of Eq. (22) for F2:2 the case of multiple inspections (N > 1) 
where for 16 simplified notation t Nþ1 ≡ t. The probability estimator is 323 obtained aŝ By means of the direct approach, the probability of repair can be 329 calculated for the ith inspection as
Again, by inverting the order of summation and product 331 sequence, the probability of repair for the ith inspection can be 332 estimated as
The estimator for the total probability of repair, i. The welded connection between a web stiffener and the gird-359 er's flange is studied (Fig. 3) . It is assumed that due to stress justification of the formulated assumptions on the preceding prob-376 ability distributions can be found in Lukic and Cremona (2001 with uncertainties defined as in Table 1 . The reliability analysis 389 generates a bundle of curves (Fig. 4) , where each curve is obtained Fig. 4 . Diagram for the calculation of weights and failure probability conditional to the outcome of one inspection © ASCE 6 ASCE-ASME J. Risk Uncertainty Eng. Syst., Part A: Civ. Eng. 
and, consequently, the total failure probability can be calculated as
where P½R ¼ 1 − w is the probability of nondetection or nonrep-415 air; and F t ¼ ½aðtÞ > a c is the failure event at the evaluation time.
416
The value of total failure probability obtained from Table 2 . and therefore it is associated with an, albeit small, estimation error.
429
The curve of failure cost shows a typical concave shape. The mini- It is recalled that the number of design variables is N þ 1 because 443 the inspection quality q is assumed to be equal for all inspections.
F5:1 Fig. 5 . Tree chart for the calculation of the failure probability conditional to the outcome of one inspection It is also interesting to see how the total costs drastically de-500 crease as the constraint is removed from the optimization compared 501 with the price of much larger failure probabilities (Table 4) . By 502 removing the failure probability constraint (p critic F < 10 −3 ), the total 503 cost of maintenance decreases by a factor of ∼10. From Table 4, it   504 can also be seen that when no constraint is imposed, the total cost 505 does not sensibly change as the number of inspections increases. OpenCossan (Patelli et al. 2014 ) making it directly accessible and 559 applicable for industrial research.
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